We report on the bandgap variation in thin films of B x Ga 1−x N grown on AlN/sapphire substrates using metal-organic vapor phase epitaxy. Optical transmission, photoluminescence, and x-ray diffraction were utilized to characterize the materials' properties of the B x Ga 1−x N films. In contrast to the common expectation for the bandgap variation, which is based on the linear interpolation between the corresponding GaN and BN values, a significant bowing ͑C = 9.2Ϯ 0.5 eV͒ of the bandgap was observed. A decrease in the optical bandgap by 150 meV with respect to that of GaN was measured for the increase in the boron composition from 0% to 1.8%. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2977588͔
Ternary and quaternary layers of nitrides are important for bandgap engineering of GaN-based optoelectronic devices. The introduction of boron, which is a "light" element, could, in principle, compensate for the strain induced by a high fraction of "heavy" indium in InGaN-based light emitters and could provide lattice matching for BGaN grown on AlN and SiC substrates. BGaN is a new material and its basic electronic and structural properties are not well known. One expects a decrease in the lattice parameters with the increasing fraction of boron and a natural increase in the bandgap E g compared to that for GaN, as it has been predicted by Harrison. 1 In accordance with the quantum dielectric theory, 2 the bandgap of wurtzite ͑w͒ B x Ga 1−x N increases with boron content x. This trend had been experimentally observed using photoluminescence ͑PL͒ and optical reflectivity for BGaN grown directly on 6H-SiC substrates by using metal-organic vapor phase epitaxy ͑MOVPE͒ for a range of x Ͻ 1%. 3 However, effects of a possible residual strain in the layers studied in Ref. 3 , which may result in a blueshift of the PL peaks, had not been decoupled from the composition-induced variation for the bandgap of BGaN. Recent theoretical studies 4 of the electronic band structure of w-BGaN, which are based on the local coherent potential approximation, predicted a decrease for E g ͑x͒ with x for small fractions of boron ͑x Ͻ 20%͒. Still, no indication of the value of the bandgap bowing parameter C was given in Ref. 4 , and the question about the bandgap bowing in BGaN remained open until now. In this letter we investigated the bandgap variation in BGaN films. The bowing effect is found to be strong, and it overwhelms the linear interpolation trend between the bandgaps of w-BN and GaN.
BGaN films with a wurtzite structure and different compositions of boron from 0% to 1.8% were grown on the c-axis oriented AlN/sapphire template substrates in a T-shape low-pressure MOVPE reactor. 5 We described the optimized growth procedures for boron-containing nitrides in Ref. 6 . The growth temperature was 1000°C. Trimethylgallium, triethylboron, and ammonia were used as precursors. The typical thickness of the grown BGaN layers d was 600 nm. The maximum composition of boron ͑1.8%͒ in BGaN was limited by both the phase separation in the solid phase and the surface saturation caused by the boron precursor. Epiready template substrates of 0.63-m-thick AlN layers on sapphire were chosen to enable the optical characterization of BGaN layers, which otherwise would experience an overlap with the bandgap and lattice parameters of conventional GaN/sapphire substrates. The boron content and strain in B x Ga 1−x N layers were determined by x-ray diffraction ͑XRD͒ using end-point lattice parameters for w-BN ͑c = 0.417 nm and a = 0.255 nm͒ and w-GaN ͑c = 0.5185 nm and a = 0.3189 nm͒. [7] [8] [9] Philips X'Pert diffractometer was utilized for XRD measurements of the in-plane and out-of-plane lattice mismatch for BGaN layers with respect to AlN. -2 profiles for symmetric ͑0 0.2͒ reflection are shown in Fig. 1͑a͒ with the BGaN peaks at the left and the AlN peak at the right. The angular separation between the two peaks corresponds to the out-of-plane lattice mismatch between the two materials. The reciprocal space maps ͑RSMs͒ measured at the asymmetric ͑1 1. 4͒ reflection demonstrate a significant degree of relaxation in BGaN layers with respect to AlN ͓Fig. 1͑b͔͒. RSMs are dominated by the BGaN and AlN peaks, which are offset in the horizontal direction, with the shift corresponding to the in-plane lattice mismatch. Both in-plane and out-of-plane lattice parameters of BGaN layers depend on x, as presented in Fig. 2 , in terms of the reciprocal lattice vectors q x and q z . Since the relaxation degree in our layer is very high varying between 70% and 90%, in the following we assume that the films are fully relaxed. A significant increase in the full width at half maximum ͑FWHM͒ for the rocking curves measured at the ͑0 0. 2͒ reflection of BGaN corresponds to the increas- ing mosaicity of the samples with an increase in the boron content ͑Fig. 2, right scale͒. Thus, the XRD measurements demonstrate that our samples are relaxed and the main effect on the bandgap variation should originate not from any possible remains of the epitaxial strain between BGaN and AlN but from the group-III composition variation in the B x Ga 1−x N layers.
Optical spectroscopy 10, 11 was utilized to investigate the bandgap variation in the BGaN layers. Transmission T͑͒ and reflection R͑͒ spectra were measured at room temperature with a Perkin Elmer LAMBDA 950 spectrophotometer. Figure 3 shows transmission spectra for the AlN/sapphire template substrate and five different compositions of the BGaN/AlN/sapphire samples. All spectra exhibit a welldefined transmission threshold at the bandgap that shifts to higher wavelengths with an increase in x. In addition, this trend is qualitatively confirmed using PL measurements shown in Fig. 4͑b͒ , but the inhomogeneous broadening of the PL spectra caused by defects is too high for quantitative analysis. Absorbance spectra ␣ 2 ͑͒, which are more accurate than PL for studies of the bandgap variation, are shown in Fig. 4͑a͒ . They have been obtained from transmission and reflection data as ␣͑͒ = ͑1 / d͒ln͕͓1−R͔͑͒ / T͖͑͒. In principle, the intersection between the linear interpolation of the absorbance spectra and the wavelength axis should correspond to the optical bandgap, which is illustrated in Fig. 4͑a͒ , for the absorbance spectrum of GaN with a dashed line. However, in the case of more disordered BGaN layers with a tail of absorbance below the bandgap, the uncertainty of this approach is too high for precise measurements of the bowing parameter. To be more quantitative, transmission and reflection spectra were simulated using SCOUT2 software, which has an option to calculate the optical response of semiconductors based on an O'Leary-Johnson-Lim ͑OJL͒ dielectric function model 12 for disordered systems using parabolic bands, with tail states exponentially decaying into the bandgap as exp͓͑ប − E g ͒ / ␥͔. In the dielectric function model for the BGaN layers, we included inhomogeneous broadening ␥ and the bandgap E g ͑x͒ as fitting parameters, while dielectric properties of the composite AlN/sapphire substrate were experimentally determined from independent reference measurements. The results of the fit are shown in Fig. 4͑a͒ . This approach allowed us to decouple two contributions to the bandgap absorption threshold, which originate from ͑i͒ the disorder and ͑ii͒ the composition-induced renormalization of the bandgap E g ͑x͒. The first contribution is described by the parameter ␥, which increases with the boron content ͑Fig. 5͒, and as expected, it correlates with the FWHM values for the XRD rocking curves ͑Fig. 2͒. The summary for the composition-induced redshift of E g ͑x͒ is shown in Fig. 5 . This trend does not support the interpolated linear dependence between the bandgaps of w-GaN and w-BN and can be only understood using the bandgap bowing concept. The bandgap fits well as E g ͑x͒ = xE g w-BN + ͑1−x͒E g w-GaN − Cx͑1−x͒ with the bowing parameter C = 9.2Ϯ 0.5 eV, the optical gap of GaN of E g w-GaN = 3.39 eV, and the bandgap of w-BN E g w-BN = 5.5 eV. 7, 8 Note that the exact value for E g w- BN has not yet been established, and for example, Ref. 13 reports a higher value of 5.81 eV. Still, for our boron compositions ͑x Ͻ 2%͒, this uncertainty in E g w-BN corresponds to a systematic error of C that is five times less than the experimental accuracy of our measurement ͑Ϯ0.5 eV͒. We can compare C = 9.2Ϯ 0.5 eV with the recommended bowing parameters for ternary nitride-based systems with the wurtzite structure, which have been summarized in Refs. 14 and 15: C =1 eV for AlGaN, C = 3 eV for InGaN, and for lesser known InAlN the value of C varies in literature between 7 and 16 eV. A relatively large value of C in BGaN, which can be traced to the disorder effects produced by the presence of different group-III elements, 16 can be attributed to the high contrast between the average bond length for B-N and Ga-N. Figure  6 illustrates the general trend for the bandgap bowing parameters in ternary nitride compounds by presenting experimental C values versus the lattice mismatch between the endpoint binaries. Thus, our experimental value of 9.2Ϯ 0.5 eV is in a reasonable range of the bowing parameters for ternary nitride compounds.
In conclusion, for the BGaN films obtained in the limit of boron solubility in GaN, the bowing effect is stronger than the linear interpolation trend between the bandgaps of GaN and BN. This result will be important for bandgap engineering of optoelectronic devices based on BGaN. Considering the observed bowing effect in BGaN, one can expect a similar behavior in BInN and BAlN. Additional studies of elastically strained layers of BGaN and piezoinduced variation in the bandgap will be required for the complete description of this important ternary compound. 
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